The following resources for comparative protein structure modeling and analysis are described (http://salilab.org): MODELLER, a program for comparative modeling by satisfaction of spatial restraints; MODWEB, a web server for automated comparative modeling that relies on PSI-BLAST, IMPALA and MODELLER; MODLOOP, a web server for automated loop modeling that relies on MODELLER; MOULDER, a CPU intensive protocol of MODWEB for building comparative models based on distant known structures; MODBASE, a comprehensive database of annotated comparative models for all sequences detectably related to a known structure; MODVIEW, a Netscape plugin for Linux that integrates viewing of multiple sequences and structures; and SNPWEB, a web server for structurebased prediction of the functional impact of a single amino acid substitution.
INTRODUCTION
The complete genomes of a number of organisms have been sequenced and many more are under way. Structural biology now faces the arduous task of characterizing the shapes and dynamics of the encoded proteins to facilitate the understanding of their functions and mechanisms of action. Recent developments in the techniques of structure determination at atomic resolution, X-ray diffraction and nuclear magnetic resonance (NMR) spectroscopy, have enhanced the quality and speed of structural studies (1) . Nevertheless, current statistics still show that the known protein sequences (1 000 000) (2) vastly outnumber the available protein structures (20 000) (3).
Fortunately, domains in protein sequences are gradually evolving entities that can be clustered into a relatively small number of families of domains with similar sequences and structures (that is, folds) (4). These evolutionary relationships enable the use of computational methods such as threading (5) and comparative protein structure modeling (6, 7) , to predict the structures of protein sequences based on their similarity to known protein structures. Many structural genomics efforts, in fact, combine experimental structure determination methods and computational modeling techniques to determine enough appropriately selected structures so that most other sequences can be placed within modeling distance of at least one known structure (4, (8) (9) (10) .
Comparative modeling consists of four main steps (7): (i) fold assignment that identifies similarity between the target sequence of interest and at least one known protein structure (the template); (ii) alignment of the target sequence and the template(s); (iii) building a model based on the chosen template(s); and (iv) assessing the model for its accuracy. The accuracy of comparative models is most easily quantified by the extent of sequence similarity between the sequence and the known structure (7, (10) (11) (12) . Accuracy of a model tends to increase with the target-template sequence identity. The errors encountered in comparative modeling include fold assignment and alignment errors (which occur mostly below 30% sequence identity), distortions and shifts in the core segments and loops, as well as errors in side-chain packing (which occur in varying degrees throughout the spectrum of sequence similarity).
A number of servers for automated comparative modeling are available (http://salilab.org/bioinformatics_resources.shtml). Automation makes comparative modeling accessible to both experts and nonspecialists alike. Many of the servers are tested at the biannual CAFASP meetings (13) and continually by the LiveBench (14) and EVA (15, 16) web servers for assessment of automated structure prediction methods. However, in spite of automation, the process of calculating a model for a given sequence, refining its accuracy as well as visualizing and analysing its family members in sequence and structure space can involve the use of scripts, local programs and servers scattered across the internet and not necessarily interconnected. In addition, manual intervention is generally still needed to maximize the accuracy of the models in the difficult cases. We present here our resources, available through http://salilab.org, that begin to address these shortcomings.
SOFTWARE AND WEB SERVERS

MODELLER
MODELLER is a computer program for comparative protein structure modeling (http://salilab.org/modeller) (17, 18) . In the simplest case, the input is an alignment of a sequence to be modeled with the template structures, the atomic coordinates of the templates and a short script file. MODELLER then automatically calculates a model containing all non-hydrogen atoms, without any user intervention and within minutes on a Pentium processor.
MODELLER implements comparative protein structure modeling by satisfaction of spatial restraints (17) . The spatial restraints include: (i) homology-derived restraints on the distances and dihedral angles in the target sequence, extracted from its alignment with the template structures (17); (ii) stereochemical restraints such as bond length and bond angle preferences, obtained from the CHARMM-22 molecular mechanics forcefield (19) ; (iii) statistical preferences for dihedral angles and non-bonded interatomic distances, obtained from a representative set of known protein structures (20) ; and (iv) optional manually curated restraints, such as those from NMR spectroscopy, rules of secondary structure packing, cross-linking experiments, fluorescence spectroscopy, image reconstruction from electron microscopy, site-directed mutagenesis and intuition. The spatial restraints, expressed as probability density functions, are combined into an objective function that is optimized by a combination of conjugate gradients and molecular dynamics with simulated annealing. This model building procedure is similar to structure determination by NMR spectroscopy.
Apart from model building, MODELLER can perform additional auxiliary tasks, including alignment of two protein sequences or their profiles, multiple alignment of protein sequences and/or structures, calculation of phylogenetic trees and de novo modeling of loops in protein structures (18) . MODELLER is written in Fortran 90 and runs on Pentium PCs (Linux and Windows XP), Apple Macintosh (OS X) and workstations from Silicon Graphics (IRIX), Sun (Solaris), IBM (AIX) and DEC Alpha (OSF/1). The program is used with its own scripting language and does not include a graphical interface.
MODWEB
MODWEB is a web server for automated comparative protein structure modeling (http://salilab.org/modweb) (12) . MODWEB accepts one or many sequences in the FASTA format (21) and calculates models for them based on the best available template structures from the Protein Data Bank (PDB) (http://www.rcsb.org) (3). Alternatively, MODWEB also accepts a protein structure as an input and calculates models for all its identifiable sequence homologs in the nonredundant SWISS-PROT protein sequence database (2) . The latter mode is a useful tool for various structural genomics efforts to assess the impact of a newly determined structure on the modeling coverage of the sequence space (4, 8) . The New York Structural Genomics Research Consortium routinely processes all newly determined structures using this approach and the results are available through MODBASE (22) and at http://nysgxrc.org/nysgrc/mod_results.html.
MODWEB relies on MODPIPE, a completely automated software pipeline for comparative protein structure modeling, which can calculate comparative models for a large number of protein sequences, using many different template structures and sequence-structure alignments (7, 12, 22) (Fig. 1 ). Sequencestructure matches are established by aligning the PSI-BLAST sequence profile (23) of the target sequence against each of the template sequences extracted from PDB (3), as well as by scanning the target sequence against a database of the template profiles using IMPALA (24) . Significant alignments covering distinct regions of the target sequence are chosen for modeling. Models are calculated for each of the sequence-structure matches using MODELLER (17) . The resulting models are then evaluated by a composite model quality criterion (below) (25) .
The thoroughness of a search for the best model is modulated by a number of user parameters, including two E-value thresholds for identifying useful sequence-structure relationships and the degree of conformational sampling given a sequence-structure alignment. The validity of sequencestructure relationships is not prejudged at the fold detection stage, but is assessed after the construction of the model and its evaluation. This approach enables a thorough exploration of fold assignments, sequence-structure alignments and conformations, with the aim of finding the model with the best evaluation score.
For single sequences, MODWEB returns the output of the calculations by email, but when the input consists of many sequences or a structure, the output is added as a separate dataset into our relational database of protein structure models, MODBASE (22), described below.
MODLOOP
MODLOOP is a web server for explicit modeling of loops in protein structures (http://salilab.org/modloop) (18) (A. Fiser and A. Sali, submitted for publication). The server requires an input consisting of a coordinate file (PDB format) and the starting and ending residue positions of the loops. The user can also specify several loops to be optimized simultaneously, which is particularly useful in the case of multiple interacting loops. The prediction is returned to the user by email.
MODLOOP is a front-end to prediction of loop conformations by MODELLER (18) . Spatial restraints are obtained as described for MODELLER, except for the absence of the homology-derived restraints. The environment of the loop(s) is fixed and does not change during optimization. The protocol generates 300 loop predictions by starting with random initial loop conformations, followed by a thorough optimization of the positions of all non-hydrogen atoms. The conformation with the lowest objective function score is chosen as the final loop prediction. Depending on the accuracy of the loop environment, predictions for single loops as long as 12 residues may be of useful accuracy (18) .
To make the server respond more rapidly, MODLOOP submits individual calculations to a cluster of PCs running Linux. In addition, to limit the load on our computational resources, the number of independently calculated loop conformations is restricted to 300 and the total length of all specified loops cannot be more than 20 residues.
MOULDER
MOULDER is an optional protocol available to the MODWEB web server (http://salilab.org/modweb) (B. John and A. Sali, submitted for publication). If chosen, an iteration of targettemplate alignment, model building and model assessment replaces the default model building step by MODELLER in the standard MODPIPE protocol. Other input and output specifications are as described for MODWEB.
MOULDER optimizes both the given alignment and the model implied by it. The optimization relies on a genetic algorithm protocol that starts with an initial alignment and then iterates through realignment, model building and model assessment to optimize a model assessment score. During this iterative process (i) new alignments are constructed by application of genetic algorithm operators, such as alignment mutation and cross-over; (ii) the comparative models corresponding to these alignments are built by satisfaction of spatial restraints, as implemented in MODELLER; and (iii) the models are assessed by a composite criterion, partly depending on an atomic statistical potential. This iterative approach blurs the boundary between traditional comparative modeling, which calculates a highly refined model for one alignment, and threading, which calculates a simple implicit model for each one of the many tested alignments.
MOULDER runs on a cluster of computers running the Linux operating system. For a 150-residue target sequence, the protocol currently requires approximately a day of computation on 100 CPUs. Because of this demanding computational load, the MOULDER option of MODWEB is currently restricted to a small number of selected users.
MODBASE
MODBASE is a comprehensive relational database of annotated comparative protein structure models. It contains several model datasets, including that for all available protein sequences matched to at least one known protein structure (http://salilab.org/modbase) (22, 26, 27) . This dataset was calculated by applying MODPIPE to all sequences in the SWISS-PROT database (March 2002) (2). Currently, MODBASE contains models for domains in 415 937 out of 733 239 (57%) unique protein sequences found in SWISS-PROT.
MODBASE is queryable through its web user interface by PDB codes, SWISS-PROT and GENPEPT accession numbers, open reading frame names, various keywords, model reliability, model size, target-template sequence identity, alignment significance and sequence similarity against the modeled sequences as detected by BLAST (23) . It is also possible to query the database directly using SQL as implemented in MySQL.
The output of a search is displayed on pages with varying amounts of information about the modeled sequences, template structures, alignments, and functional annotations. These tables also contain links to other sequence, structure and function annotation databases, such as PDB (3), GenBank (28), SWISS-PROT (2), CATH (29) , PFAM (30) and PRODOM (31) . In addition to the web pages containing text and schematic representations implemented in PERL/CGI, MODBASE uses the Netscape plugin MODVIEW (32), described below, to visualize and analyse the models of target sequences, template structures and their alignments.
ACCURACY OF COMPARATIVE MODELS
The accuracy of comparative models calculated by MODWEB, MOULDER and those in MODBASE can be judged by a variety of criteria (7, 10) , including percentage sequence identity on which the models are based (12) and various model assessment scores (25, 33) . In particular, we use a composite GA341 model score that combines a Z-score calculated with a statistical potential function (25) 
template sequence identity and a measure of structural compactness (Melo,F. et al., in preparation). The GA341 score ranges from 0 for models that tend to have an incorrect fold to 1 for models that tend to be comparable to low-resolution Xray structures. Comparison of models with their corresponding experimental structures indicates that models with GA341 scores greater than 0.7 generally have the correct fold with more than 35% of the backbone atoms superposable within 3.5 Å . Reliable models (GA341 score 0.7) based on alignments with more than 40% sequence identity have a median overlap of more than 90% with the corresponding experimental structure. In the 30-40% sequence identity range, the overlap is usually between 75 and 90% and below 30% it drops to 50-75%, or even less in the worst cases.
MODVIEW
MODVIEW is a Netscape plug-in for Linux that integrates a multiple structure viewer, a multiple sequence alignment editor and a database querying engine (http://salilab.org/modview) (32) . A user can interactively manipulate hundreds of proteins, visualize conserved and variable residues, active and binding sites, fragments and domains in protein families, as well as display large macromolecular complexes such as ribosomes or viruses. As a Netscape plug-in, MODVIEW can be included in HTML pages along with text and figures, which makes it useful for teaching and presentations. MODVIEW is also suitable as a graphical interface to various databases because it can be controlled through JavaScript commands and called from CGI scripts.
Structure visualization in MODVIEW is based on the program MIPA (34), with graphical rendering and scripting from RasMol (35) . The sequence and alignment editor is based on JalView (http://www2.ebi.ac.uk/~michele/jalview). MODVIEW has a number of options that control the display of structures, selection of atoms, presentation styles and coloring schemes. It is possible to superpose a set of structures with a single click, either by structure or according to a given alignment. Each structure in the display or a subset of atoms can be manipulated independently from the remaining structures. MODVIEW can also be used to create pairwise and multiple sequence alignments. The alignments can be edited manually, and the sequences can be compared with the aid of dendrograms and principal component analysis.
SNPWEB
SNPWEB is a web server for prediction of the functional effect of a single amino acid residue substitution (http://salilab. org/SNPWeb) (N. Mirkovic, M.A. Marti-Renom, A. Sali and A. Monteiro, submitted for publication). The server takes as input the specifications of the wild-type protein structure and a single amino acid residue substitution. The output, in a matter of minutes, is a prediction of whether or not the function of the mutant is impaired, as well as the rationalization of the predicted impact in terms of several features of the wild-type and mutant structures.
The specified wild-type structure is first loaded or located in PDB or MODBASE; if not found, modeling is attempted with MODWEB. If the wild-type structure cannot be obtained in any one of these four ways, the calculation cannot proceed and no results are displayed. Alternatively, with the wildtype structure in hand, the model of the mutant is calculated by the MUTATE_MODEL command of MODELLER. Next, the server calculates a set of sequence-and structure-based features for the wild-type and mutant proteins, including: (i) accessible surface area (ASA); (ii) rigidity of the changed position and its neighborhood as indicated by the average isotropic temperature factor from X-ray crystallography of the wild-type structure or the template structure used to calculate the wild-type model; (iii) changes in residue volume, ASA, charge and hydrophobicity; (iv) the degree of evolutionary conservation at the replacement position among the members of the corresponding sequence family; and (v) the replacement likelihood from the family-specific substitution matrix (36) . Optionally, additional features, such as the location of the substitution relative to known functional site(s) and known structural and/or functional importance of the residues, may also be included in the feature set for the special cases curated by hand. The subsequent classification of the mutation as neutral or deleterious is achieved by a decision tree. The protocol is based on the assumption that a mutation is deleterious in either one of the following two ways: (i) when it is exposed to the solvent, it may substantially change the structure or chemical nature of functional sites that bind other molecules; or (ii) when it is buried in the core, it may prevent folding of the domains into their native fold, or, less likely, affect only the structure of functional sites. In the case of the human BRCA1 domains, the server is able to rationalize 31 of 37 point mutations with known functional impact.
DISCUSSION
The process of comparative protein structure modeling usually requires the use of many programs, to identify template structures, to generate sequence-structure alignments, to build the models and to evaluate them. In addition, various sequence and structure databases that are accessed by these programs are needed. Once an initial model is calculated, it is generally refined and finally analysed in the context of many other related proteins and their functional annotations. To facilitate these tasks, we developed several programs, servers and databases (Table 1) , some of which have been described above. These resources can be divided into four main categories.
Firstly, initial construction of comparative models is achieved by MODELLER, MODPIPE and MODWEB. MODELLER is the computational engine for our other modeling programs and servers. MODPIPE automates the entire comparative modeling process, relying on PSI-BLAST, IMPALA and MODELLER for its functionality. MODWEB provides a simple web interface to MODPIPE to make it accessible to any user.
Secondly, refinement of comparative models is facilitated by MODELLER, MOULDER and MODLOOP. An expert may utilize the MOULDER protocol in MODWEB to attempt to overcome errors in sequence-structure alignments between distantly related proteins. The user may also use the MODLOOP server to refine the conformation of loops, such as those calculated by MODWEB.
Thirdly, inspection and analysis of models is made easier by MODBASE, MODVIEW, SNPWEB and LIGBASE (37) . Comparative modeling provides only a starting point for annotating the function of a protein, using other theoretical and experimental techniques. MODBASE stores comparative models for all protein sequences detectably related to a known protein structure and additionally links each model to a number of external databases. MODVIEW can be used to visualize the models and alignments stored in the databases. LIGBASE is a database comprising all ligand-binding sites of known structure aligned with all related protein sequences and structures, and may be useful in the examination of putative binding sites on the models in MODBASE. SNPWEB relies on protein structure considerations to predict the functional impact of a given amino acid mutation.
Fourthly, improvement of the modeling techniques is served by DBALI, a comprehensive database of multiple protein structure alignments calculated by the SALIGN command of MODELLER (38) and the EVA-CM web server for automated and continuous assessment of comparative protein structure modeling web servers (15, 16) .
These resources, in combination with those from others, will contribute to structure-based functional annotation of proteins and thus enhance the impact of genome sequencing, structural genomics and functional genomics on biology and medicine. LIMS: laboratory information management system. The common formats for the sequence and structure files are those of FASTA and PDB, respectively.
